Introduction {#s1}
============

Alterations in cell surface glycosylation are considered a hallmark during carcinogenesis. These alterations usually lead to the expression of tumor-associated carbohydrates on glycoproteins or glycolipids that decorate cell surfaces [@pone.0066737-Reis1]. One of the most common glycan alterations is the increase of sialylated Lewis-type blood group antigens, such as sialyl Lewis A (SLe^a^ (NeuAcα2,3Galβ1-3(Fucα1-4)GlcNAc-R)) and sialyl Lewis X (SLe^x^ (NeuAcα2,3Galβ1-4(Fucα1-3)GlcNAc-R)). SLe^a^ and SLe^x^ are expressed in cancer cells, mimicking their normal expression on blood cells (monocytes and neutrophils) potentiating cancer cell migration through binding to endothelial cell selectins [@pone.0066737-Fuster1], [@pone.0066737-Varki1]. Therefore, SLe^a^ and SLe^x^ overexpression is a common feature of several carcinomas (e.g., lung, colon, gastric and pancreas) and it is associated with increased metastatic capacity [@pone.0066737-Borsig1], [@pone.0066737-Fukuoka1], [@pone.0066737-Kim1], [@pone.0066737-Tatsumi1] and poor patients survival [@pone.0066737-Amado1], [@pone.0066737-Baldus1], [@pone.0066737-Grabowski1], [@pone.0066737-Nakamori1], [@pone.0066737-Nakamori2].

The increased expression of sialylated glycans associated to carcinogenesis is the result of altered expression of sialyltransferases (STs) genes which encode for enzymes involved in the biosynthesis of the glycan antigens described above [@pone.0066737-HarduinLepers1]. Up to 20 different sialyltransferases have been described to catalyse the transfer of sialic acid residues from a donor substrate CMP-sialic acid to the oligosaccharide side chain of the glycoconjugates. This sialic acid generally occupies the terminal non-reducing position on glycan chains [@pone.0066737-HarduinLepers2]. Different STs show cell and tissue specific expression pattern and differ in substrate specificities and types of linkage formed [@pone.0066737-HarduinLepers2]. Depending on these characteristics, STs are classified in four families - ST3Gal, ST6Gal, ST6GalNAc and ST8Sia. ST3Gal family are α2,3-STs which catalyze the transfer of sialic acid residues to terminal galactopyranosyl (Gal) residues and include six members from ST3Gal I to ST3Gal VI [@pone.0066737-HarduinLepers3].

Among the six ST3Gal sialyltransferases, ST3Gal III, IV and VI have been described to contribute to SLe^x^ formation [@pone.0066737-Kono1], [@pone.0066737-Okajima1], with a substantial role attributed to ST3Gal IV [@pone.0066737-Ellies1], [@pone.0066737-Sperandio1].

The sialyl-Lewis antigens are synthesized on type 1 (Gal β1,3 GlcNAc) or type 2 (Gal β1,4 GlcNAc) disaccharide sequences. The sialyltransferase ST3Gal III preferentially acts on type 1 rather than on type 2 disaccharides and is involved in the synthesis of SLe^a^ [@pone.0066737-Kitagawa1]. ST3Gal IV mainly catalyzes the α2,3 sialylation of type 2 disaccharides, leading to the biosynthesis of SLe^x^ [@pone.0066737-Ellies1], [@pone.0066737-Colomb1].

We previously demonstrated the contribution of different ST3Gal sialyltransferases to the synthesis of sialyl Lewis antigens in gastric carcinoma cells, and described that ST3Gal IV is involved in the synthesis of SLe^x^ antigen [@pone.0066737-Carvalho1]. In line with this report, other studies also found that high expression of ST3Gal IV, contributes to the expression of α2,3-linked sialic acid residues, and is associated with the malignant behavior of gastric cancer cells [@pone.0066737-Jun1].

In gastric carcinoma tissues, the increased expression of ST3Gal IV [@pone.0066737-Petretti1] and of sialyl Lewis antigens have been associated with poor prognosis and metastatic capacity [@pone.0066737-Amado1]. These reports highlight the role of STs and evidenced that the expression of crucial glycan determinants, such SLe^x^, play an important role in tumor progression. However, the molecular mechanisms underlying the aggressive behavior of gastric cancer cells expressing SLe^x^ are not fully understood. Some studies pointed to the importance of tyrosine kinase receptor activation in STs overexpression models [@pone.0066737-Cazet1], [@pone.0066737-Cazet2], [@pone.0066737-Cazet3]. In the present study we assessed the effect of ST3GAL IV overexpression in the synthesis of SLe^x^ in gastric carcinoma cells and evaluated the functional role of SLe^x^ *in vitro* (proliferation, invasion and adhesion) and *in vivo* (angiogenesis, tumor growth and invasion). We further evaluated the contribution to cell behavior of tyrosine kinase receptors activation and identified the downstream effectors in the context of ST3Gal IV/SLe^x^ overexpressing gastric carcinoma cells.

Materials and Methods {#s2}
=====================

Cell culture {#s2a}
------------

The gastric cancer cell line MKN45 was obtained from the Japanese Cancer Research Bank (Tsukuba, Japan) and was stably transfected with full length human gene for ST3GAL3 (MST3Gal III), ST3GAL4 (MST3Gal IV) and the empty vector pcDNA3.1 (Mock) as shown previously [@pone.0066737-Carvalho1]. The cells were grown in monolayer culture in T75cm^2^ flasks and maintained at 37°C in an atmosphere of 5% CO~2~, in Roswell Park Memorial Institute (RPMI) 1640 GlutaMAX, HEPES medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (P/S) and in the presence of 0.5 mg/mL G418 (all from Invitrogen). Culture medium was replaced every two days.

RNA isolation, cDNA synthesis and real-time PCR analysis {#s2b}
--------------------------------------------------------

Total RNA was extracted from cell lysates of Mock, MST3Gal III and MST3Gal IV cell lines using TRI Reagent (Sigma) and converted to cDNA using the SuperScript® II Reverse Transcriptase (Invitrogen). Reverse transcription was performed using 3 µg of total RNA, random oligonucleotides primers and SuperScript II RT (Invitrogen) in a total volume of 20 µL as described by the manufacturer. For real-time PCR analysis, cDNA samples were diluted 50-fold with water and PCR amplified in triplicate with 10.0 µL Power SYBRGreen Master Mix (Applied Biosystems), 0.48 µL of each 10 µM primer and 4 µL cDNA using an ABI Prism 7000 Sequence Detection System (Applied Biosystems). The primers used were the following: ST3GAL3 for5\'-ggtggcagtcgcaggattt-3\'; rev5\'-catgcgaacggtctcatagtagtg-3\'; and ST3GAL4 for5\'-cctggtagctttcaaggcaatg-3\'; rev5\'-cctttcgcacccgcttct-3\'. Expression of 18S (for5\'-cgccgctagaggtgaaattc-3\'; rev5\'-cattcttggcaaatgctttcg-3\') and GAPDH (for5\'-agtccctgccacactcag-3\'; rev5\'-tactttattgatggtacatgacaagg-3\') was also measured in triplicate for each sample and used for normalization of target gene abundance. Specificity of amplification was confirmed by melting curve analysis. Standard curves were determined for each gene, and results are presented as ratio between target gene and housekeeping genes, 18S and GAPDH.

Proliferation assays {#s2c}
--------------------

Cell growth was analyzed using the BrdU reagent (Roche) according to the manufacturer\'s directions. Cells (1×10^5^) were seeded in slides on 24-well plates (Thermo Fisher Scientific) and grown in RPMI containing 10% FBS, 1% P/S in the presence of 0.5 mg/mL G418. When cells reached 50% of confluence, BrdU was incorporated in cell culture medium and incubated for 20 minutes. After incorporation cell culture medium was removed and cells fixed with methanol for 30 minutes. Cell labeling with anti-BrdU antibody and FITC secondary antibody was performed according to manufacturer\'s instructions. Three independent assays were performed and each assay was done in quadruplicates for all the cell lines. Percentage of dividing cells was calculated by measuring positive BrdU cells in relation to total cells with the help of ImageJ software. Results are presented as means ± SD for each sample, and proliferation levels obtained were compared with the Mock control cell line.

Invasion assay {#s2d}
--------------

Invasion assays were performed in a BD Biocoat Matrigel invasion chamber with an 8-µm diameter pore size membrane and a thin layer of Matrigel, in a 24-well plate. Inserts were rehydrated for at least 1 hour in RPMI medium. After detachment of confluent cells with trypsin/EDTA, cells (5×10^4^) were seeded in the upper surface of Transwell plates and cultured in RPMI containing 10% FBS, 1% P/S in the presence of 0.5 mg/mL G418 for 6 hours, and the same culture medium was added in the lower part of the insert. After incubation, non-invading cells in the upper part of the insert were carefully removed, cells were fixed with methanol and membranes were removed from the inserts and mounted in a slide using Vectashield with DAPI (Vector labs). Three independent assays were performed and cells were seeded in duplicate for each cell line. Invading cells were counted under a fluorescence microscope, and measurement was done by counting cells in three different fields in each sample, with application of ImageJ software. Results are presented as means ± SD for each sample, and invasion levels obtained were compared with the Mock control cell line.

Cell-substrate adhesion assay {#s2e}
-----------------------------

Cell adhesion assays were performed in a 96-well plate coated overnight at 4°C with 50 µL of different extracellular matrix (ECM) proteins: collagen IV, fibronectin and vitronectin in the concentration of 20 µg/mL, while bovine serum albumin (BSA) (Sigma-Aldrich) was used as negative control. After coating, the plate was incubated for 1 hour with 0.5% of BSA in phosphate buffer saline (PBS) and viable cells (2×10^4^ cells/well) were introduced into the plate and allowed to adhere for 30 min in RPMI serum-free medium at 37°C and 5% CO~2~. Removal of non-adherent cells was performed by washing the plate with PBS and adherent cells were fixed with methanol for 30 minutes. Cells were subjected to 0.5% crystal violet dissolved in 20% of methanol for 1 hour, and then washed several times with water and allowed to air dry. Crystal violet dye was solubilized with 10% acetic acid and absorbance was measured at λ = 560 nm. Results are presented as means ± SD for each sample, and adhesion levels obtained were compared with the Mock control cell line.

Phospho-RTK array analysis {#s2f}
--------------------------

Cells were cultured until reached confluence on T75 cm^2^ flasks with RPMI medium supplemented with 10% FBS and 100 units/mL penicillin-streptomycin in the presence of 0.5 mg/mL G418. Cells were then lysed in NP40 lysis buffer (1% NP40, 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM sodium orthovanadate, and protease inhibitor cocktail tablet (Roche), protein concentration was determined by the bicinchoninic acid (BCA) protein assay (Pierce) and 300 µg of total protein was used for the human Phospho-RTK array kit (R&D Systems). Phospho-RTK array protocol was performed according to manufacturer\'s instructions. Activated receptors were matched according to the phospho-RTK array coordinates: a1, a2: EphA6; a3, a4: EphA7; a5, a6: EphB1; a7, a8: EphB2; a9, a10: EphB4; a11, a12: EphB6; a13, a14: mouse IgG1 negative control; a15, a16: mouse IgG2A negative control; a17, a18: mouse IgG2B negative control; a19, a20: goat IgG negative control; a21, a22: PBS negative control; b1, b2: Tie-2; b3, b4: TrkA; b5, b6: TrkB; b7, b8: TrkC; b9, b10: VEGFR1; b11, b12: VEGFR2; b13, b14: VEGFR3; b15, b16: MuSK; b17, b18: EphA1; b19, b20: EphA2; b21, b22: EphA3; b23, b24: EphA4; c1, c2: Mer; c3, c4: c-Met; c5, c6: MSPR; c7, c8: PDGFRα; c9, c10: PDGFRβ; c11, c12: SCFR; c13, c14: Flt-3; c15, c16: M-CSFR; c17, c18: c-Ret; c19, c20: ROR1; c21, c22: ROR2; c23, c24: Tie-1; d1, d2: EGFR; d3, d4: ErbB2; d5, d6: ErbB3; d7, d8: ErbB4; d9, d10: FGFR1; d11, d12: FGFR2α; d13, d14: FGFR3; d15, d16: FGFR4; d17, d18: insulin R; d19, d20: IGF-IR; d21, d22: Axl; d23, d24: Dtk. Black dots represent phospho-tyrosine positive controls.

c-Met and Src inhibition assay {#s2g}
------------------------------

c-Met and Src inhibitors were used to evaluate the invasive capacity of the cells upon inhibition. c-Met inhibition was performed with 0.1 µM of PHA-665752 (Sigma) and Src inhibition with 20 µM of PP2 (Sigma) both during 10h. Inhibition was assessed by Western blot for the phosphorylation status of c-Met and Src, and invasion capacity of cells was evaluated as described above, after 10h of inhibitors incubation.

Immunoblotting {#s2h}
--------------

Proteins were obtained from total cell lysates of each cell line. Briefly, confluent T75 cm^2^ flasks were incubated with NP40 lysis buffer and cells were scraped. Total cell lysates were centrifuge at 14000 rpm for 10 minutes to remove pellet cell debris. Protein concentration was determined by the bicinchoninic acid (BCA) protein assay (Pierce). Proteins from cell lysates were separated accordingly to protein molecular weight by gel electrophoresis in 7.5% acrylamide/bis acrylamide (Sigma) SDS-PAGE. For c-Met, phospho-Met, phospho-AKT, phospho-STAT3 and phospho-ERK detection, 25 µg of total protein extract were used and for phospho-Src and phospho-FAK detection we used 50 µg of total protein extract. Gels were then transferred onto a nitrocellulose membrane (Amersham) in a semi-dry system. Membranes were then blocked with 5% non-fat milk, washed three times with Tris buffer saline (TBS), and incubated overnight at 4°C with primary antibodies. After incubation, membranes were washed three times with TBS and incubated 1 hour with secondary antibodies. Analysis was done by chemiluminescence using the ECL Western blotting detection reagent and films (both from GE Healthcare).

Antibodies: anti-phosphorylated Akt Ser473, anti-phosphorylated FAK Tyr397, anti-phosphorylated Src Tyr416, anti-phosphorylated ERK Thr202/Tyr204 and anti-phosphorylated MET Tyr1234/1235, anti- phosphorylated STAT3 Tyr705 (all rabbit polyclonal antibody from Cell Signaling Technology) were used at 1∶1000 dilution. Mouse monoclonal IgG2a antibody directed against human MET (Invitrogen) was used at 1∶2000. Anti-SLe^x^ clone KM93 (Millipore) was used at 1∶500 dilution. Goat anti-actin and rabbit anti-actin (Santa Cruz Biotechnology) were used at 1∶8000 dilution. Secondary anti-rabbit and anti-goat antibodies, conjugated with horseradish peroxidase (DAKO), were used at 1∶2000, while anti-mouse IgG2a and IgM antibodies, conjugated with horseradish peroxidase (Jackson immunoresearch) were used at 1∶25000 and 1∶10000, respectively.

Cdc42, Rac1 and RhoA GTPases pull down assay {#s2i}
--------------------------------------------

Cells were cultured in serum free medium for 24 hours, and proteins were obtained from total cell lysates. Pull-down assays, using RhoA/Rac1/Cdc42 Activation Assay Combo Biochem Kit (Cytoskeleton, inc), were performed according to manufacturer's instructions, using 600 µg of total protein lysates. Briefly, rhotekin-RBD effector domain affinity beads were used to bind RhoA active (GTP-bound) protein and PAK-PBD effector domain affinity beads for Cdc42 and Rac1 active proteins. Total proteins were incubated with these beads for 2 hours, and pull down proteins were eluted with Laemmli buffer and separated on 12% acrilamide/bis acrilamide gels. Pull down negative and positive controls were performed according to manufacturer's instructions; briefly total cell lysates were incubated with GTPases inhibitors or activators prior to pull down. To confirm the presence of GTPases in the cell protein extract, a 5% input control were also runned in the gels. Gels were transferred to nitrocellulose membranes and antibodies against Cdc42, RAC1 and RhoA (included in the kit) were incubated overnight with gentle agitation. Proteins were analyzed by chemiluminescence using the ECL Western blotting detection reagent and films (both from GE Healthcare).

Chicken embryo *in vivo* tumorigenesis and angiogenic assay {#s2j}
-----------------------------------------------------------

The chicken embryo chorioallantoic membrane (CAM) model was used to evaluate the angiogenic response and growth capability of Mock and MST3Gal IV cells (n = 13 for each group). According to the European Directive 2010/63/EU, ethical approval is not required for experiments using embryonic chicken. Correspondingly, the Portuguese law on animal welfare does not restrict the use of chicken eggs. Briefly, fertilized chick (*Gallus gallus*) eggs obtained from commercial sources were incubated horizontally at 37.8°C in a humidified atmosphere and referred to embryonic day (E). On E3 a square window was opened in the shell after removal of 1.5--2 mL of albumin to allow detachment of the developing CAM. The window was sealed with a transparent adhesive tape and the eggs returned to the incubator. The window in the egg shell does not interfere in any way with the normal development of the chick embryo. Cells, re-suspended in 10 µL of complete medium (1×10^6^ cells per embryo), were placed on top of E10 growing CAM into a 3 mm silicon ring under sterile conditions. The eggs were re-sealed and returned to the incubator for an additional 3 days. At this point the embryos are at E 13, thus still in the first 2/3 of development. The embryos were euthanized by adding 2 mL of fixative in the top of the CAM which is a very efficient and fast method. After removing the ring, the CAM was excised from the embryos, photographed *ex ovo* under a stereoscope, at 20x magnification (Olympus, SZX16 coupled with a DP71 camera). The number of new vessels (less than 20 µm diameter) growing radial towards the ring area was counted in a blind fashion manner. The area of CAM tumors was determined using the Cell A (Olympus) software.

Immunohistochemistry analysis and tumor invasive phenotype {#s2k}
----------------------------------------------------------

Excided CAMs were fixed in 10% neutral-buffered formalin, paraffin-embedded for slide sections and stained with hematoxilin-eosin for histological examination. Slides with clear view of the CAM tumors were also processed for cytokeratin, SLe^x^ and p-Met immunohistochemical detection in order to characterize the phenotype of CAM tumors. Briefly, sections were dewaxed, rehydrate and the endogenous peroxidase activity was blocked with 3% H~2~O~2~ in methanol for 30 minutes. Then, sections were incubated with normal rabbit or swine serum diluted 1∶5 in PBS containing 10% BSA for 30 minutes followed by incubation with the monoclonal antibodies overnight at 4°C. Incubation with both biotinylated rabbit anti-mouse and swine anti-rabbit secondary antibodies (DAKO) was done during 30 minutes at room temperature followed by avidin/biotin complex detection (Vectastain). Staining was performed with 3,3′-diaminobenzidine tetrahydrochloride (Sigma) containing 0.02% hydrogen peroxide and counter staining of the nucleus was done with Mayer's hematoxylin. Monoclonal antibodies used were KM93 1:60, p-Met 1∶100 and cytokeratins AE1/AE3 1∶300, and for both antigen retrieval was achieved with citrate buffer pH∶6.0. Evaluation of tumour invasion was performed in a blind fashion way by two independent observers. The semi-quantitative evaluation took into consideration the quantity of human AE1/AE3 labeled cells present in the CAM mesenchyme.

Statistical analysis {#s2l}
--------------------

Statistical analysis was performed using Graph Pad program. ANOVA tests were used to calculate significance in an interval of 95% confidence level. All statistics were compared with Mock group and values of p\<0.05 were considered to be statistically significant.

Results {#s3}
=======

Induction of SLe^x^ by overexpression of ST3GAL4 in gastric carcinoma cells {#s3a}
---------------------------------------------------------------------------

To evaluate the role of ST3GAL3 and ST3GAL4 sialyltransferases in the synthesis of SLe^x^ structures, the previously established MKN45 cell line model stably transfected with full length of either ST3GAL3 (MST3Gal III), ST3GAL4 (MST3Gal IV) genes, or an empty vector as control (Mock) were used [@pone.0066737-Carvalho1]. The evaluation of the expression levels of ST3GAL3 and ST3GAL4 genes by Real Time-PCR ([Figure 1A](#pone-0066737-g001){ref-type="fig"}), showed approximately 4 fold increase of ST3GAL3 gene in MST3Gal III cells in comparison with Mock and MST3Gal IV cells, and a 160 fold increase of ST3GAL4 gene expression in MST3Gal IV cells in comparison with Mock and MST3Gal III cells.

![Induction of SLe^x^ expression by ST3Gal IV transfection in gastric carcinoma cells.\
**A** -- Relative quantification of ST3GAL3 and ST3GAL4 mRNA expression in MOCK, MST3Gal III and MST3Gal IV transfected cells showing a significant overexpression of ST3GAL3 gene in MST3Gal III cells and ST3GAL4 in MST3Gal IV cells when comparing gene expression levels in mock cells; \*\*\*p\<0.001 Mock versus MST3Gal III for ST3GAL3 gene and \*\*\*p\<0.001 MST3Gal IV versus Mock for ST3GAL4 gene. Results are presented as means ± SD. **B** -- Immunofluorescence detection of SLe^x^ expression in Mock, MST3Gal III and MST3Gal IV cells evidencing the presence of SLe^x^ in MST3Gal IV (magnification 200x); **C** -- Western blot detection of SLe^X^ in proteins from total cell lysate and secreted proteins from Mock, MST3Gal III and MST3Gal IV cells. SLe^x^ expression was observed on cell lysates and secretome from ST3GAL4 transfected cells (MST3Gal IV).](pone.0066737.g001){#pone-0066737-g001}

The biosynthesis of SLe^x^ antigen was further assessed by immunofluorescence and by Western blot analysis of total cell lysates and secreted proteins (secretome). Immunofluorescence results showed expression of SLe^x^ in MST3Gal IV cells when compared with Mock and MST3Gal III cell lines ([Figure 1B](#pone-0066737-g001){ref-type="fig"}). Consistently, Western blot results demonstrated the expression of SLe^x^ in MST3Gal IV cells, both in total cell lysates as previously described [@pone.0066737-Carvalho1] and secreted proteins ([Figure 1C](#pone-0066737-g001){ref-type="fig"}). No expression of SLe^x^ was detected in total protein extracts or secreted proteins from Mock and MST3Gal III cells.

Since only MST3Gal IV transfected cells were able to produce SLe^x^ antigen, further experiments were performed using the MST3Gal IV and Mock cells.

*In vitro* biological behavior of SLe^x^ expressing cells -MST3Gal IV {#s3b}
---------------------------------------------------------------------

Cell growth, invasive capacity and adhesion properties of cells transfected with the ST3Gal IV gene were evaluated in order to characterize these cellular phenotypes, and also to address the biological role of SLe^x^ expression. MST3Gal IV cells showed no statistical differences when compared to Mock cells in terms of BrdU incorporation ([Figure 2A](#pone-0066737-g002){ref-type="fig"}), suggesting that the expression of ST3Gal IV sialyltransferase and of SLe^x^ do not affect the proliferation rate of these cells.

![SLe^x^ overexpression induces cell invasion and increases matrix-cell adhesion *in vitro*.\
**A** - BrdU proliferation assay in transfected cells. After 50% confluence, cells were incubated for 30 min with BrdU reagent and fluorescent labeled for proliferative index measurement. No differences were found between the different cell lines. **B** - Cell invasion assay on Matrigel chambers. Cells were seeded on Matrigel-coated filters inserted into two-compartment chambers and invading capacity was measured by counting the number of cells that invade, through the Matrigel-coated filter, 6 hour after incubation. MST3Gal IV cells demonstrated an invasive phenotype presenting a significant increased number of invasive cells when compared with MOCK cells (\*\*\*p \< 0.001). **C** - Cell adhesion to ECM proteins. Adhesion potential of cells was assessed by incubating cells 30 minutes in pre-coated plates with collagen IV, fibronectin and vitronectin. Results demonstrate an increased adhesion of SLe^x^ expressing cells to collagen IV (\*p \< 0.05 MST3Gal IV versus Mock) and vitronectin (\*p \< 0.05 MST3Gal IV versus Mock) matrix proteins. No statistical difference was found in the adhesion capacity of cells to fibronectin. Results are presented as means ± SD.](pone.0066737.g002){#pone-0066737-g002}

Cell invasion was analyzed by counting the number of invasive cells on Transwell Matrigel invasion chambers. This analysis revealed that cells overexpressing ST3Gal IV sialyltransferase presented 3 fold increased ability to invade *in vitro,* when compared with Mock control cells ([Figure 2B](#pone-0066737-g002){ref-type="fig"}). This result evidence the importance of SLe^x^ expression for the invasive phenotype of MST3Gal IV cells.

In addition, the adhesion to extracellular matrix proteins was also evaluated by seeding cells in plates pre-coated with collagen type IV, fibronectin or vitronectin. Interestingly, SLe^x^ expressing cells (MST3Gal IV) present an increase capacity to adhere to collagen IV and to vitronectin when compared with Mock control cells ([Figure 2C](#pone-0066737-g002){ref-type="fig"}). In contrast, no statistical differences were found in the adhesion capacity of these cells to fibronectin.

*In vivo* evaluation of angiogenesis, tumor growth and invasion capacity of MST3Gal IV cell line using chicken embryo chorioallantoic membrane model {#s3c}
----------------------------------------------------------------------------------------------------------------------------------------------------

Transfected cells were inoculated into the chicken embryo chorioallantoic membrane (CAM) and different parameters were evaluated after 3 days of inoculation, specifically, the angiogenenic response, tumor size and tumor cell invasive capacity ([Table 1](#pone-0066737-t001){ref-type="table"}). The angiogenic potential was assessed by counting the number of vessels with less than 20 µm diameter growing radially towards the inoculation area. The results show no statistical differences in vessel number between Mock control cells and MST3Gal IV indicating that ST3Gal IV and SLe^x^ expression do not influence the angiogenic response. Tumor size was assessed by measuring the area (mm^2^) of the tumor in the different groups. The results show no statistical differences in tumor size arising from the different cell lines, indicating no influence of ST3Gal IV and SLe^x^ expression in tumor growth potential.

10.1371/journal.pone.0066737.t001

###### Parameters evaluated in the CAM model: angiogenesis, tumor growth and invasion potential of cells.

![](pone.0066737.t001){#pone-0066737-t001-1}

                                                         MOCK      MST3Gal IV                   p-value
  -------------------------------------------------- ------------ ------------ -----------------------------------------
  **Angiogenesis** ***(vessel number ± SEM)***        20.15±4.06   19.31±4.05                    n.s.
  **Tumour growth** ***(total area mm ^2^± SEM)***    4.13±1.45    4.29±1.24                     n.s.
  **Cell invasion on CAM** ***(% cases)***             1/714.3%    5/771.43%    [\*](#nt102){ref-type="table-fn"}0.0308

n.s.(non-significant) p≥0.05.

p\<0.05.

SEM Standard Error of the Mean.

For the evaluation of tumor cell invasive capacity, CAMs were excised from the embryos, fixed with formalin and paraffin-embedded. Invasion of inoculated cells was evaluated in sections of CAM tumors immunostained for human citokeratins. The results show an increased invasive capacity of MST3Gal IV cells inoculated in CAM in comparison to Mock cells ([Table 1](#pone-0066737-t001){ref-type="table"}). To assess if cells invading the CAM expressed SLe^x^ antigens, CAM sections were immunostained for SLe^x^. The results show that MST3Gal IV invasive cells expressed SLe^x^ antigens, contrary to the observed in Mock control cells ([Figure 3](#pone-0066737-g003){ref-type="fig"}).

![SLex expressing cells present an invasive phenotype *in vivo* chicken embryo chorioallantoic membrane (CAM) model.\
Transfected cells were inoculated in CAM and different parameters were evaluated after 3 days of inoculation. Invasive capacity of inoculated cells was evaluated by immunolabeling CAM tumors with human cytokeratin and SLe^x^ to assess the presence of human epithelial cells expressing SLe^x^. Human cytokeratins immunostaining was used to prove the presence of inoculated human gastric carcinoma cells. SLe^x^ expression and the invasive capacity of cells were match up to cytokeratins expression. Immunostained tissues evidence the presence of SLe^x^ structures in CAM tumors from MST3Gal IV cells that, in constrast with Mock cells, invaded the CAM tissue.](pone.0066737.g003){#pone-0066737-g003}

Increased activation of c-Met receptor in SLe^x^ expressing cells-MST3GalIV {#s3d}
---------------------------------------------------------------------------

To evaluate the possible effects of SLe^x^ expression on the activation of cell surface receptors and on the induction of the cancer cell invasive phenotype, a receptor tyrosine kinase array was performed using total cell lysates from Mock and MST3Gal IV cells. The results show consistently that MST3Gal IV cells induce increased activation of hepatocyte growth factor receptor (HGFR/c-Met) ([Figure 4A](#pone-0066737-g004){ref-type="fig"}). The increased level of c-Met receptor tyrosine phosphorylation (p-Met) was further evaluated by Western blot, and the results confirmed that phosphorylation of c-Met is increased in MST3Gal IV cells, with no differences in total c-Met protein expression levels ([Figure 4B](#pone-0066737-g004){ref-type="fig"}).

![Tyrosine kinase receptors activation evaluation in gastric carcinoma cells; increased c-Met in MST3GAL IV cells.\
**A** -- phospho-RTK array of transfected Mock and MST3Gal IV cells. Total cell lysates were collected and 300 µg of total protein were incubated into a phospho-RTK membrane array. The array shows an increased activation of c-Met (HGFR) in MST3Gal IV cells. Activated receptors were matched according to the phospho-RTK array coordinates indicated in the material and methods section. c3, c4 correspond to c-Met ; **B** -- Analysis of c-Met activation in MOCK and MST3Gal IV cells by Western blot; Cell lysates were analyzed by Western blot with antibodies directed against human c-Met and the phosphorylated tyrosine residues 1234/1235 of the kinase domain to confirm the activation of c-Met in MST3GAL IV cells. The results show an increase expression of phosphorylated c-Met (p-Met) in MST3Gal IV cell line with no differences in c-Met total protein levels in both cell lines. Anti-tubulin antibody was used to assess loading. **C** -- Expression of phosphorylated c-Met was assessed in CAM tissues. The evaluation of c-Met activation in CAM tumors show that MST3Gal IV/SLe^x^ expressing cells present positive staining for phospho c-Met and that the resulting invading cells are also positive for the phosphorylated form of this receptor.](pone.0066737.g004){#pone-0066737-g004}

To assess if the CAM invading cells are expressing the activated c-Met, CAM sections were immunostained for phospho c-Met, demonstrating that MST3Gal IV invasive cells are indeed expressing activated c-Met ([Figure 4C](#pone-0066737-g004){ref-type="fig"}).

Evaluation of downstream effectors of c-Met activation {#s3e}
------------------------------------------------------

c-Met activation relies on stereotypical signaling modulators common to many RTKs [@pone.0066737-Organ1], [@pone.0066737-Liu1]. To evaluate possible downstream effectors of c-Met activation, we analyzed the activation of Src, FAK, STAT3, AKT and ERK, proteins involved in different c-Met downstream pathways. Our results show that MST3Gal IV cells present increased activation of Src and FAK proteins which are known to be involved in cell motility and invasion ([Figure 5A, B](#pone-0066737-g005){ref-type="fig"}). The small GTPases of the Rho family, such as Rac1, Cdc42, and RhoA were also evaluated as possible downstream modulators of c-Met activation by pull-down of activated GTPases. Our results demonstrate that in MST3Gal IV cells, the expression of sialyltransferase IV and SLe^x^ induce activation of Rac1, Cdc42 and RhoA ([Figure 5C](#pone-0066737-g005){ref-type="fig"})**.**

![Evaluation of downstream effectors of c-Met activation.\
**A** -- Increased levels of p-FAK and p-Src proteins in MST3Gal IV cells. The contribution of other effector proteins, such as AKT, ERK, FAK and Src was evaluated by Western blot for their phosphorylated forms in Mock and MST3Gal IV cell lines, and expression of β-actin protein was used as protein loading control. Results show increased levels of phophorylated FAK and Src supporting their involvement as downstream effectors of phosphorylated c-Met (p-Met). **B** -- Analysis of 5 independent Western blot of c-Met, STAT3, AKT, ERK, FAK and Src phosphorylated forms in MOCK and MST3 Gal IV cells showing statistically significant increased levels of p-FAK and p-Src, concomitantly with increased phosphorylated c-Met. Results are presented as means ± SD. **C** - Evaluation of Cdc42, Rac1 and RhoA GTPases as potential modulators of c-Met activation by pull-down assay of their activated forms. Western blot analysis of pull-down proteins evidence an increased activation of Cdc42, Rac1 and RhoA in MST3Gal IV cell line. A-GTPase WB protein positive control (His-Cdc42, His-Rac1 and His-RhoA); B-Mock total cell protein pull down; C-MST3Gal IV total cell protein pull down; D-Mock total cell protein pull down with previous GTPases activation (pull down positive control); E-Mock total cell protein pull down with previous GTPases inhibitors (pull down negative control); F-Mock total cell protein input; G-MST3Gal IV total cell protein input. Highlighted areas represent regions of interest regarding the specific protein migration.](pone.0066737.g005){#pone-0066737-g005}

Inhibition of invasion in SLe^x^ expressing cells using c-Met and Src activation inhibitors {#s3f}
-------------------------------------------------------------------------------------------

In order to confirm the biological role of c-Met and Src activation in the invasive capacity of SLe^x^ expressing cells, inhibition of phosphorylation of c-Met, Src and both in combination were performed. The inhibition was tested using different concentration of each inhibitor, and different time-points of incubation (data not shown). Longer incubations with 0.1 µM of PHA-665752 c-Met inhibitor (24h and 48h) led to decrease in cell proliferation and cell death (data not shown), therefore a 10h incubation time-point, showing no alteration in cell proliferation, was used for the evaluation of cell invasion. Src inhibition occurred after 10h of incubation with 20 µM of PP2 and no differences in cell death and proliferation was observed after longer incubation periods (data not shown). The activation status of c-Met and Src was assessed by Western blot analysis, and results confirmed the decreased in activation of both proteins after 10 h incubation with the inhibitors ([Figure 6A](#pone-0066737-g006){ref-type="fig"}).

![Inhibition of invasion in SLex expressing cells by targeting c-Met and Src activation.\
**A -** Evaluation by WB of the activation of c-Met and Src in the MST3Gal IV and Mock cells with or without the presence of inhibitors of c-Met (PHA-665752) and Src (PP2). **B -** Cell invasion assay on Matrigel chambers after inhibition of c-Met and Src activation. Cells were seeded on Matrigel-coated filters after incubation with inhibitors for 10 hours. Invading capacity was measured by counting the number of cells that invade, through the Matrigel-coated filter, after 6 hours. MST3Gal IV cells demonstrated an invasive phenotype presenting a significant increased number of invasive cells when compared with MOCK cells. Inhibition of c-Met, Src, and both in combination led to abolishment of cell invasion capability of the MST3Gal IV cells (\*p\<0.05; \*\*p\<0.01; \*\*\*p \< 0.001).](pone.0066737.g006){#pone-0066737-g006}

Given the observation that SLe^x^ expressing cells present increased cell invasive capacity resulting from the activation of c-Met and Src, invasion of cells was evaluated after c-Met and Src inhibition. The results confirmed the increased invasion of SLe^x^ expressing cells in DMSO control treatment, and demonstrated the abolishment of this invasion capacity upon inhibition of c-Met, Src and both proteins in combination ([Figure 6B](#pone-0066737-g006){ref-type="fig"}). Moreover, the results showed that inhibition of Src or both Src and c-Met in combination were more effective in precluding cell invasion ([Figure 6B](#pone-0066737-g006){ref-type="fig"}).

Discussion {#s4}
==========

Aberrant glycosylation has been described for many years as a hallmark of cancer, and many of the resulting altered glycosyl epitopes are tumor associated antigens [@pone.0066737-Drake1], [@pone.0066737-Hakomori1]. These cancer-related antigens are caused by disease-specific alterations in the glycan synthesis pathway such as changes in the Golgi and Endoplasmic Reticulum compartments, mutations in enzymes or chaperons, altered expression of enzymes and biochemical competition, and even variations in sugar donor availability \[for a review see 1\]. A common alteration is the abnormal expression of sialyltransferases, responsible for adding sialic acids residues to cell surface molecules and to secreted proteins, and which have been involved in the oncogenic transformation, as well as in invasion and metastasis [@pone.0066737-Drake1], [@pone.0066737-Hakomori1], [@pone.0066737-Dube1]. Sialic acids are typically attached to the outermost ends of glycoproteins and glycolipids that can mediate and modulate a wide variety of physiological and pathological processes [@pone.0066737-Varki2].

The SLe^x^ antigen is a sialylated glycan structure which expression has been associated with cancer progression and aggressiveness as well as poor overall patient survival [@pone.0066737-Borsig1], [@pone.0066737-Fukuoka1], [@pone.0066737-Kim1], [@pone.0066737-Tatsumi1], [@pone.0066737-Amado1], [@pone.0066737-Baldus1], [@pone.0066737-Grabowski1], [@pone.0066737-Nakamori1], [@pone.0066737-Nakamori2]. The expression of SLe^x^ in cancer results from the altered expression of sialyltransferases, that adds the sialic acid in a α2,3 linkage to Galactose residues on type-II chains [@pone.0066737-HarduinLepers1].

In this study, we have characterized the role ST3Gal IV sialyltransferase in the synthesis of SLe^x^ antigen. Expression analyzes of SLe^x^ in stably transfected gastric carcinoma cells by immunofluorescence and Western blot confirmed that ST3Gal IV leads to the biosynthesis of SLe^x^. Moreover, our results indicate that SLe^x^ antigen is expressed on proteins from total cell lysates as well as on secreted proteins from MST3Gal IV cells. These results confirm previous observations that described the importance of ST3Gal IV in the synthesis of SLe^x^, the glycan ligand of selectins [@pone.0066737-Ellies1], [@pone.0066737-Sperandio1]. In addition, our results are in agreement with recent reports showing an increased mRNA level of ST3Gal IV and α2,3 sialic acid residues expression in gastric cancer tissues [@pone.0066737-Jun1].

The carbohydrate SLe^x^ functions as a ligand for cell adhesion molecules of the selectin family, usually expressed on vascular endothelial cells. The expression of SLe^x^ on cancer cells is known to facilitate tumor cell spreading by mediating tumor-endothelial cell interactions [@pone.0066737-Kannagi1], [@pone.0066737-Takada1]. The SLe^x^ antigen is known to be important in selectin interactions participating in the adhesion of cancer cells to vascular endothelium thus contributing to hematogenous metastasis [@pone.0066737-Kannagi2]. These previous observations further support that SLe^x^ antigen plays a functional role in malignant cancer cell behavior. Noteworthy, the crosstalk between cancer cells and host mechanisms like cell-cell adhesion and cell-matrix adhesion interactions, tumor cell growth and motility are known to be important in modulating the process of cancer cell invasion. In the present study we performed a comprehensive evaluation of the biological role of SLe^x^ in gastric cancer cells using *in vitro* and *in vivo* models. The *in vitro* analysis showed that SLe^x^ expressing cells display a similar proliferative rate when compared with Mock transfected cells. However, SLe^x^ expressing cells demonstrated a higher capacity to invade *in vitro* in Matrigel chambers, demonstrating the active role of this sialylated glycan structure in tumor cell motility and invasion. Concomitant to this invasive capacity, SLe^x^ expressing cells evidenced higher capacity to adhere to collagen IV and vitronectin extracellular matrix proteins. These findings highlight the importance of this sialylated glycan in the malignant invasive phenotype. Furthermore, this invasive phenotype was also confirmed *in vivo* where cells transfected with ST3Gal IV and expressing SLe^x^ antigen presented increased capacity to invade the chorioallantoic membrane of the chicken embryo. Our results are in keeping with studies that associate SLe^x^ expressing tumors with more aggressive phenotypes [@pone.0066737-Amado1], [@pone.0066737-Ichikawa1], [@pone.0066737-Nakamori3]. In the gastric carcinoma context it has also been described that SLe^x^ antigen expression correlates with liver metastasis [@pone.0066737-Tatsumi1]. The modulation of cancer cell biological behavior by sialylated glycans has been previously described in human pancreatic cells. In this pancreatic model the restoration of α1,2 fucosyltransferase activity, a enzymatic competitor of ST3Gal transferases, reduces the expression of Sialyl Lewis antigens and decreases the adhesive and metastatic properties of these cells [@pone.0066737-Aubert1].

In addition, previous reports have shown that increased cellular sialylation leads to receptor and signaling pathways activation and that the hypersialylation contributes to cancer progression and increased cell motility [@pone.0066737-Seales1], [@pone.0066737-Seales2]. Moreover, it has been described that TNF-α can induce SLe^x^ and 6-sulfo-SLe^x^ expression in human cancer cells, by increasing the expression of ST3GAL4 [@pone.0066737-Colomb1]. This mechanism has also been shown to be mediated by neutrophils expressing TNF-α leading to cancer cells invasiveness and metastasis [@pone.0066737-StHill1].

In order to clarify the potential implication of ST3Gal IV and of its product SLe^x^ in the biological behavior of gastric cancer cells, we evaluated the expression of activated tyrosine kinase receptors and downstream modulators involved in cancer cell invasion. The tyrosine kinase receptor array allowed the identification of a constitutive activation of c-Met in SLe^x^ expressing cells. The activation of tyrosine receptors, directly or indirectly by glycan antigens has previously been observed in other cancer cell models. Singh and colleagues described that the Thomsen-Friedenreich antigen (T antigen) present in CD44v6 promotes the activation of c-Met and MAPK signaling leading to cancer cell proliferation [@pone.0066737-Singh1]. Furthermore, activation of c-Met receptor has been described in a breast cancer cell model that overexpress glycosyltransferases and this activation has been implicated in proliferation and invasion of cancer cells [@pone.0066737-Cazet1], [@pone.0066737-Cazet2], [@pone.0066737-Cazet3]. The MKN45 cell line model has been reported to have a high level of expression and dependence on c-Met [@pone.0066737-Smolen1] and therefore modulation of cellular glycosylation can have implications in this c-Met dependent cells.

c-Met overexpression has been considered a hallmark of cancer, playing a role in many tumors and in metastatic progression [@pone.0066737-Sierra1]. In gastric cancer, c-Met expression alterations have been reported, such as the Tpr/Met rearrangement [@pone.0066737-Soman1], [@pone.0066737-Yu1] and c-Met copy number amplification [@pone.0066737-Lee1], as well as increased c-Met activation [@pone.0066737-Dua1], [@pone.0066737-Inoue1]. We evaluated the c-Met activation in a series of gastric carcinoma tissues (data not shown). The variability in tissue sample processing is known to lead to loss of protein phosphorylation which precluded the detection of phosphorylated c-Met in these samples. However, sections analyzed from the chicken chorioallantoic membrane tumors, derived from either Mock or SLe^x^ expressing gastric carcinoma cells, confirmed phosphorylated c-Met positive staining in SLe^x^ cancer invading cells. This result further supports the hypothesis that SLe^x^ expressing cells exhibit invasive capacity through the activation of c-Met.

The activation of c-Met is well known to induce docking sites for proteins that mediate downstream signaling leading to the activation of the mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)-AKT, v-src oncogene homolog (Src), signal transducer and activator of transcription (STAT), which are signaling pathways that are involved in increased cell growth, scattering, motility, invasion, protection from apoptosis, branching morphogenesis, and angiogenesis [@pone.0066737-Organ1], [@pone.0066737-Liu1]. Taking that into consideration, we evaluated the downstream effectors of c-Met activation and found that FAK and Src proteins showed increased activation in cells expressing ST3Gal IV. In combination with our invasion assays results (*in vitro* and *in vivo*), these results strongly suggest that c-Met activation mediates tumor cell motility and invasion, also in gastric cancer cells. These results are in agreement with previous studies that associate Src-FAK signaling pathway with the metastization process [@pone.0066737-Lim1], [@pone.0066737-Peng1], [@pone.0066737-SanchezBailon1], [@pone.0066737-Shen1]. Furthermore, our results show that inhibition of c-Met and Src could preclude the increased invasion observed in SLe^x^ expressing cells supporting the importance of this glycosylation alteration in the activation of this invasive related pathways.

Oncogenic transformation is often associated with changes in organization of the cytoskeleton, which can influence cell migration, adhesion and invasion. The c-Met activation can cause changes in gene expression of cell-cycle regulators (Cdk6, p27), extracellular matrix proteinases (such as matrix metalloproteinases and urokinase plasminogen activator), and in alterations of cytoskeleton functions that control migration, invasion and proliferation [@pone.0066737-Birchmeier1]. The cytoskeleton is composed of a complex and organized network of various fibrous proteins within the cytoplasm, playing an essential structural and regulatory role in the maintenance of cell structure and strength, in cell division, proliferation, motility, invasion and also in signaling functions [@pone.0066737-deCurtis1], [@pone.0066737-Machesky1], [@pone.0066737-Tapon1]. The activation of tyrosine kinase receptors can modify the phosphorylation status of cytoskeleton regulatory and structural proteins. Signaling pathways initiated by the activation of cell surface receptors can promote distinct membrane protrusions by converging onto the Rho family of GTPases [@pone.0066737-Hall1], [@pone.0066737-Kjoller1]. Rho proteins are small (21-25 kDa) molecules that share structural homology and become activated only when bound to GTP. One of the best characterized Rho GTPase family members is RhoA regulating the formation of stress fibers and focal adhesion assembly, while Rac1 and Cdc 42 are mainly involved in membrane ruffling and formation of filopodia, respectively [@pone.0066737-Pertz1]. Estimation of GTPases activation is frequently a molecular marker in the evaluation of cytoskeleton alterations during cell migration [@pone.0066737-Evers1], [@pone.0066737-Parri1], [@pone.0066737-Wessler1]. Here we showed the activation of Rho GTPases, specifically RhoA, Rac1 and Cdc42. These results further supports the evidence that SLe^x^ expression leads to cytoskeleton protein alterations in cancer cells, underlying the observed increased cell motility and invasion of these cells. Our findings are in keeping with previous reports showing the importance of RhoA, Rac1 and Cdc42 in cancer progression [@pone.0066737-Kamai1], and also the crosstalk between these GTPases and other signaling pathways like Src-FAK in the migratory phenotype of cancer cells [@pone.0066737-Leve1]. Our present findings support the hypothesis that increased expression of SLe^x^ on the surface of malignant cells plays an important role in tumor invasion and metastasis. Overall, our study showed that tumor cell invasion is induced by SLe^x^ expression on gastric cancer cells through the activation of c-Met in association with downstream signaling effectors Src, FAK and RhoA GTPases activation ([Figure 7](#pone-0066737-g007){ref-type="fig"}).

![Schematic representation of the alterations induced by increased expression of SLe^x^ and activation of c-Met.\
Increased transcription of ST3GAL 4 leads to increased expression of the ST3Gal IV enzyme in the Golgi apparatus of the cells. This enzyme will glycosylate type-2 terminal oligosaccharide chains leading to the presence of SLe^x^ in glycoproteins targeted for the membrane or to be secreted by the cells. The expression of SLe^x^ in membrane-associated and secreted proteins can promote the interactions between these proteins and c-Met leading to its activation. c-Met activation leads to downstream signaling activation target proteins Src, FAK and Rho GTPAses leading to a modified cell-matrix adhesion and an increased cell invasion.](pone.0066737.g007){#pone-0066737-g007}

These results open new avenues to design intervention strategies that target ST3Gal IV/SLe^x^ in cancer cells as well as the inhibition of c-Met and Src in order to improve gastric cancer treatment by targeting invasion and metastasis.
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